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Low frequency electromagnetic (EM) fields induce gene expression, and recent
insights into physical interactions of EM fields with model systems suggest a
mechanism that could initiate this process. The consistently low thresholds at
which EM fields stimulate biological processes indicate that they require little
energy. Since it has been shown that such weak fields accelerate electron transfer
reactions, they could stimulate transcriptionby interactingwith electrons inDNA to
destabilize the H-bonds holding the two DNA strands together. Such a mechanism
is consistent with the low electron affinity of the bases in previously identified
electromagnetic response elements (EMREs) needed for EM field interaction with
DNA. It is also in linewith both endogenous and in vitro stimulation of biosynthesis
by electric fields. The frequency response of several EM sensitive biological systems
suggests that EM fields require repetition and are most effective at frequencies that
coincide with natural rhythms of the processes affected. J. Cell. Physiol. 199:
359–363, 2004. ! 2004 Wiley-Liss, Inc.

STIMULATION OF BIOSYNTHESIS
BY ELECTROMAGNETIC FIELDS

Cells are unusually sensitive to electromagnetic (EM)
fields. Transcription is stimulated by both low frequency
(!10–102 Hz) electric fields (Blank et al., 1992; Blank,
1995) and magnetic fields (Goodman and Blank, 1998),
as well as by high frequency radio/microwave fields
(!1012 Hz) (dePomerai et al., 2000; Leszczynski et al.,
2002; Weisbrot et al., 2003). The high frequency fields
are truly electromagnetic in that the electric and
magnetic fields propagate together, whereas at low
frequencies the fields can be effectively separated as
alternating electric or magnetic fields. The low fre-
quency alternating magnetic fields are usually referred
to as EM fields to distinguish them from DC, or fixed,
magnetic fields.
Although, many physical stimuli induce transcrip-

tion, the biosynthetic response to EM fields occurs after
exposures of only a few minutes and at 14 orders of
magnitude lower energy density than the stimulus of
elevated temperature (Blank andGoodman, 2000). Very
low thresholds for EMfield interaction, given in Table 1,
have been found in a variety of biological systems that
include changes in rates of enzyme and redox reactions,
the biosynthesis of stress proteins, as well as disease-
related studies. The consistency of the findings may
indicate that these biologicalEMfield effects are due to a
similar mechanism.
Since the weak fields that initiate transcription of

DNA (Goodman and Blank, 1998) also accelerate
electron transfer reactions (Blank and Soo, 2001a,b,
2003), interaction with electrons in DNA could be the
basis for initiating transcription. Electrons are most
likely to be affected by weak fields because of their low

mass, and interaction with electrons could affect the
primary biological functions of DNA, information con-
servation and retrieval. These two processes appear to
require contradictory specifications, that DNA be stable
to preserve the integrity of the information while
retaining the ability to come apart readily for retrieval
of the information. In cells, this is accomplished by
the large number of H-bonds between the complemen-
tary base pairs on the two DNA strands. In H-bonds
(indicated as :), electrons from anO or N that is part of a
stable bond are shared with a proton in another bond,
as in NH:O or NH:N. Since electrons in these bonds are
less strongly held than in covalent bonds, control of H-
bonds through the electrons would enable DNA to come
apart easily for the code to be read, and then ‘zipped’ up
again for storage. Some of this is usually accomplished
by enzymes such as topoisomerase and polymerase. We
suggest that electric andmagnetic fields generate forces
on electrons that weaken the H-bonds holding the two
DNA strands together. Oscillating fields set up vibra-
tions that eventually destabilizeH-bonds, and vibration
frequency is an important factor to consider.

Our earlier focus on the specific signaling pathways in
the interaction of EM fields with cells to induce stress
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protein synthesis showed that they stimulate distinctly
different pathways from those implicated in response to
elevated temperature (Goodman and Blank, 2002).
However, those studies did not provide information
about the physical interactions that activated these
pathways. At the time, we thought in terms of electron
currents in DNA (Ratner, 1999; Porath et al., 2000) that
could interact with the EMfields and lead to DNA chain
separation. It is nowquestionable if these currents occur
with any frequency, andwhether they occur over a large
enough number of bases to activate DNA during short
exposures (Tran et al., 2000; Boon and Barton, 2002;
Zhang et al., 2002).

We have learned, however, that specific DNA
sequences (nCTCTn) are involved in the response to
EMfields (Lin et al., 1998a, 1999, 2001). Inserting these
electromagnetic response elements (EMREs) into a
promoter of a reporter gene that is unresponsive to EM
fields makes that gene EM field-responsive. Removing
or mutating these EMREs eliminates the EM field re-
sponse.There is also evidence that theEMfield response
is proportional to the number of EMREs (Lin et al.,
1998b). When we assumed that EM fields interacted
with electron currents in DNA, our estimate of the
relative balance of forces holding DNA together showed
that larger forces can be generated at C and T bases
(Blank and Goodman, 2002). A simpler, more straight-
forward rationale for the nCTCTn composition of
EMREs can be seen immediately from the electron
affinities of the four bases in DNA (A¼ 0.97, G¼1.51,
T¼0.81, C¼0.57). The C and T bases have the lowest
electron affinities and are most likely to give up their
electrons when external forces are applied. Therefore,
the physical properties of EMREs provide a plausible
basis for interaction with electrons in DNA as an
initiating mechanism.

ELECTRON TRANSFER ACCELERATION
BY EM FIELDS

The responses of simpler biological systems to EM
fields also support interaction with electrons as an
initiating mechanism. The systems studied include two
well-characterized enzymes, Na,K-ATPase (Blank and
Soo, 1992, 1996) and cytochrome oxidase (Blank and
Soo, 1998, 2001b), as well as the Belousov–Zhabotinski
(BZ) reaction, the catalyzed oxidation of malonic acid

(Blank and Soo, 2001a, 2003). The cytochrome oxidase
reaction involves electron transfer between cytochrome
Cand the enzyme complex; theNa,K-ATPase reaction is
the splitting of ATP that precedes the ionic currents of
the ‘ion pump.’ Electron transfer in the cytochrome
oxidase reaction is accelerated, as is the ATP-splitting
rate of the Na,K-ATPase, where the calculated speed of
the charges affected by the field suggests that they are
electrons (Blank and Goodman, 2000). An earlier study
of the Na,K-ATPase (Britten and Blank, 1973) corre-
lated the non-specific inhibition of cations with their
redox potentials, suggesting that electron transfer may
be a critical step in enzyme function.

The rapid charge movement in the Na,K-ATPase,
calculated to be about 103 m/sec, means that it takes
about 10#11 sec to cross the membrane-spanning
distance of about 10 nm. Since a 60 Hz sine wave lasts
1/60 sec, the charge ‘sees’ a constant DC magnetic field
while crossing, and the interactions are effectively with
repeated DC fields. Fixed DC fields of this magnitude do
not affect the Na,K-ATPase (Blank and Soo, 1997), so
the effect on the enzyme must be due to the regular
repetitions that occur in ‘tune’ with the normal mole-
cular motions.

Recent studies on the BZ reaction (Blank and
Soo, 2003), a chemical system with no tissue extracts,
have confirmed previous observations with the two
enzyme reactions. The three reactions show common
characteristics:

* EM fields accelerate the reactions;
* the effect of the EM field varies inversely with the

intrinsic rate of the reaction, that is, the magnetic
driving force competes with the chemical driving
forces;

* there are frequency optima in the three systems; in
the enzyme studies, the frequencies are close to the
turnover numbers of the enzyme reactions.

These characteristics are consistent with interaction
of EM fields with electrons.

ELECTRONS IN H-BONDS AS TARGETS
FOR EM FIELDS

The H-bonds between base pairs that stabilize
DNA are much weaker than covalent bonds. They have

TABLE 1. Estimated biological thresholds

Biological system EM field (mG) Reference

Enzyme reaction rates
Na,K-ATPase 2–3 Blank and Soo (1996)
Cytochrome oxidase 5–6 Blank and Soo (1998)
Ornithine decarboxylase !20 Mullins et al. (1999)

Oxidation–reduction reaction rate
Belousov–Zhabotinski <5 Blank and Soo (2001a)

Biosynthesis of stress proteins
HL60, Sciara, yeast cells <8 Goodman et al. (1994)
Breast (HTB124, MCF7) cells <8 Lin et al. (1998b)
Chick embryo (anoxia protection) !20 DiCarlo et al. (2000)

Disease related
Block inhibition of (MCF7) breast

Carcinoma cells by melatonin 2< 12 Liburdy (2003)
Leukemia epidemiology 3–4 Ahlbom et al. (2000); Greenland et al. (2000)
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energies in the range of 5 kcal/mol, but they vary
considerably. The varying bond lengths and bond angles
suggest a relatively wide range of bond energies and
abilities to withstand perturbations. In some H-bonds,
thebonding electronsare sharedbetweenmore than two
nuclei (Suehnel, 2002). Electrons in such non-intra-
base-pair H-bonds are more easily displaced. EM fields
probably interact with electrons associated with bases
having low electron affinity and in non-intra-base-pair
H-bonds. In any case, EMfields generate sufficient force
to displace them, since the force [in newtons (N)] on an
electron,

F ¼ q vB;

where q¼1.6$ 10#19 coulombs, v¼ velocity (in m/sec),
and themagnetic flux density, B, is approximately 10 mT
(100 mG) in our experiments stimulating stress protein
synthesis. The electron velocity, v¼103 m/sec, esti-
mated from electric and magnetic field thresholds in
experiments with the Na,K-ATPase (Blank and Soo,
1992, 1996), is comparable to electron velocities mea-
sured in DNA (Wan et al., 1999). This magnitude of
electron velocity is also expected if electronsmove at the
!nanometer/picosescond flickering rate of protons inH-
bonded networks (Fecko et al., 2003). The assumed
value for ‘v’ leads to F!10#21 N, and an acceleration of
!109 m/sec2 for an electron of mass 9.1$10#31 kg. With
this magnitude of acceleration, an electron can move
1 nm in 1 nsec, a displacement greater than the!0.3 nm
overall length of an average H-bond. Repeated pulses
could set up vibrations that destabilize an H-bond.
The displacement of electrons in an H-bonded net-

work may also occur by the unusual charge movements
characteristic of the ‘‘Grotthus mechanism.’’ In aqueous
systems, during the conduction of protons (Hþ) in
electric fields, an approaching proton ‘bonds’ with the
oxygen of awatermolecule and releases thehydrogen on
the other end of the molecule as a free proton. The
flipping of the bond and its electrons results in a proton
moving forward at amuch faster rate, even if it is not the
same proton. If this type of process occurred in adjacent
H-bonds in DNA subjected to an external force, there
could be some unusual movements, especially when
water molecules are present (Fecko et al., 2003). The
more complex H-bonds in DNA with lower energies and
more constrained angles would be more vulnerable.

STIMULATION OF TRANSCRIPTION
BY ELECTRIC FIELDS

Interaction with electrons should occur with electric
fields as with EM fields, and that has been shown.
Increases in transcripts of c-myc and histone H2B in
human cells occur in 60 Hz electric fields of 3 mV/m
(Blank et al., 1992), where the force on an electron,
!5$10#19 N, is almost three orders of magnitude
greater than the EM field force that causes the same
effect. An even more dramatic example is the pro-
nounced effect of endogenous electric stimulation on
protein synthesis in mammalian striated muscle (Pette
and Vrbova, 1992; Blank, 1995). Different muscle
proteins are synthesized at 150 and 20 Hz frequencies,
with action potentials delivered by either the nerve
or external electrodes. It is even possible to change the

protein composition of a ‘fast’ muscle to that of a ‘slow’
muscle over a period of a few weeks by changing the
frequency of stimulation. The change in protein compo-
sition is probably due to activation of different DNA
coding regions. In electric stimulation of muscle, the
waxing and waning of forces generated by continuously
oscillating fields would set up oscillations that could
destabilize H-bonds.

The currents of action potentials that penetrate
muscle membranes and flow near nuclei can be shown
to be large enough to stimulate DNA. The current
magnitudes can be estimated from muscle action
potentials, which rise from resting level to a peak of
!100 mV in about 1 msec, and propagate at !10 m/sec.
In the 1msec that it takes the potential to peak, the front
of an action potential advances 10 mm, so peak and
restingpotentials are separatedby10mm, for agradient
of 10 V/m. This electric field gradient is three orders of
magnitude larger than the 3 mV/m that stimulates
transcription in human cells, and suggests a large
margin of safety in muscle. The gradient is even larger
than the 0.5 mV/m electric field threshold to change
Na,K-ATPase activity (Blank and Soo, 1992).

Recent use of nanosecond electric pulses in electro-
poration has resulted in stimulation of the cell interior
(Joshi et al., 2002). Normally, electroporation is used to
permeabilize cellmembraneswithhighvoltage (!kV/m)
microsecond pulses that do not readily penetrate cell
membranes. The high frequency electric fields that
penetrate activate apoptosis through caspase release
and cause DNA fragmentation (Beebe et al., 2003). It
appears that stimulation of cell interiors is possiblewith
high frequency (nanosecond pulses) electric fields, as
well as with low frequency EM fields, but the lower
energy EM fields do not damage cellular structures and
are to be preferred.

FIELD FREQUENCY
AND REACTION SPECIFICITY

Studies of the frequency dependence of biochemical
reaction rates in electric or magnetic fields indicate
optimal frequencies (Table 2). The increased Na,K-
ATPase activity at 60Hz is very close to the natural rate
of the enzyme (Blank and Soo, 2001a). In cytochrome
oxidase (Blank and Soo, 1998), the optimal frequency of
about 800 Hz is close to the range of its function in
mitochondria. These data suggest that the field is most
effective when it coordinates with the natural rhythm of
a reaction. Since the effects on both enzymes vary
inversely with intrinsic enzyme rates, it is clear that the
fields compete with biochemical driving forces.

Studies of E. coli F0F1-ATPase activity in electric
fields (Martirosov and Blank, 1995) also show that
inhibition is a function of frequency, and that the
optimal frequency is close to F0F1-ATPase turnover
numbers (10–80 Hz). Frequency dependence requires
the native enzyme structure, sincemutant strains show
lower frequency dependence, and there is a loss of
frequency dependence in precursor F0F1 when activity
decreases in cold storage. The F0F1-ATPase optimal
frequency increases with field strength, with minima
around 1,000 Hz at 2.3 V/cm, and about 30 Hz at 3.6 V/
cm. The existence of two characteristic frequencies
for an active center could occur if higher fields cause
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significant structural changes or changes in the rate
limiting steps of the reaction. It is possible that this
energy-converting enzyme, optimized for its function
through evolution, might work at a slower rate when
there is a greater driving force.

The stimulation of biosynthesis in EM fields also
shows a dependence on frequency. Increases in tran-
scripts of c-myc and histoneH2B inHL60 cells, reported
in 60Hz electric fields (Blank et al., 1992), are optimal at
45 Hz (Wei et al., 1990). The optimal frequency is in
the range of RNA synthesis rates (bases/sec), and may
be related to an effect on charge transfer in the RNA
polymerase reaction.

Endogenous electric field stimulation of biosynthesis
by the currents of action potentials also shows a relation
between rate of stimulation and the proteins synthe-
sized. Neither the speed nor the magnitude of an action
potential is affected by frequency, but electrons at a
particular site on the DNA are subjected to more per-
turbations at higher frequency, and summation is
possible. Both effects would lead to threshold events
more easily at thehigher frequency, and could be related
to different effects of high or low frequency action
potentials in muscle. The repeated electric stimuli of
cardiac action potentials or central nervous system
rhythms probably have similar effects on the nuclei of
adjacent cells, and may be involved in regulation of
natural biosynthetic mechanisms, as well as the onset
and pace of development. Endogenous electric fields
may also interact with non-coding DNA to accomplish
some of the critical timing during development.

CONCLUSION

We have proposed that interaction of EM and electric
fields with electrons in DNA is a plausible basis for
activation of DNA. Because of the low energy required,
interaction with electrons in H-bonds may be the initial
perturbation that leads double stranded DNA to come
apart and begin the complex process of transcription to
messenger RNA. The response to EM fields takes
advantage of the natural mechanism that responds to
internal electric forces.

Stimulation and modulation of DNA function by
magnetic and electric fields have shown that physical
forces can lead to specific effects as with biochemical
reactions. In addition to the frequency, stimulus dura-
tion and different patterns of pulsing of magnetic and
electric fields can further alter responses and specificity.

The correlation between magnetic field frequency and
the rate of charge transfer reactions offers promise for
clinical applications.

Finally, when considering environmental influences,
EM field activation of DNA reinforces concerns about
human exposure to the exogenous fields due to power
lines, communication devices, etc. The Liburdy study,
listed in Table 1 (Liburdy, 2003) and replicated in four
other laboratories, shows that low level EM fields affect
the growth of human estrogen receptor positive breast
cancer cells. The melatonin-induced growth inhibition,
overcome by 12 mG fields but not by 2 mG fields, places
the threshold between these two values, which are on
either side of the epidemiology threshold for childhood
leukemia (Ahlbom et al., 2000; Greenland et al., 2000).
Health concerns are often expressed in terms of the need
to prevent oxidative damage. Acceleration of electron
transfer in EM fields is acceleration of oxidation.
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